Approaches targeting nitric oxide (NO) signaling show promise as therapies for Duchenne and Becker muscular dystrophies. However, the mechanisms by which NO benefits dystrophin-deficient muscle remain unclear, but may involve nNOSb, a newly discovered enzymatic source of NO in skeletal muscle. Here we investigate the impact of dystrophin deficiency on nNOSb and use mdx mice engineered to lack nNOSm and nNOSb to discern how the loss of nNOS impacts dystrophic skeletal muscle pathology. In mdx muscle, nNOSb was mislocalized and its association with the Golgi complex was reduced. nNOS depletion from mdx mice prevented compensatory skeletal muscle cell hypertrophy, decreased myofiber central nucleation and increased focal macrophage cell infiltration, indicating exacerbated dystrophic muscle damage. Reductions in muscle integrity in nNOS-null mdx mice were accompanied by decreases in specific force and increased susceptibility to eccentric contraction-induced muscle damage compared with mdx controls. Unexpectedly, muscle fatigue was unaffected by nNOS depletion, revealing a novel latent compensatory mechanism for the loss of nNOS in mdx mice. Together with previous studies, these data suggest that localization of both nNOSm and nNOSb is disrupted by dystrophin deficiency. They also indicate that nNOS has a more complex role as a modifier of dystrophic pathology and broader therapeutic potential than previously recognized. Importantly, these findings also suggest nNOSb as a new drug target and provide a new conceptual framework for understanding nNOS signaling and the benefits of NO therapies in dystrophinopathies.
INTRODUCTION
Defective nitric oxide (NO) signaling is a common pathogenic feature of many neuromuscular diseases including Duchenne and Becker muscular dystrophies (DMD and BMD), which are progressive muscle wasting diseases caused by mutations in the dystrophin gene (1) (2) (3) (4) (5) (6) . Loss of dystrophin inhibits NO signaling by preventing normal expression and subsarcolemmal scaffolding of neuronal nitric oxide synthase mu (nNOSm), which synthesizes NO in skeletal muscle (3, 7) . nNOSm expression is nearly eliminated from human dystrophin-deficient muscle and averages 20% of wild-type levels in mdx mice (a mouse model for DMD) (8) . Inhibition of nNOSm signaling has deleterious consequences for dystrophin-deficient muscle including: the inhibition of muscle repair, excessive sympathetic vasoconstriction, focal ischemic muscle damage during contraction and poor endurance exercise performance (9) (10) (11) (12) (13) (14) (15) (16) . Decreased nNOSm expression may also disrupt its less well-defined cytoplasmic roles such as the regulation of mitochondrial biogenesis, RyR1 calcium channel and phosphofructokinase activity (11, 14, 17, 18) . Thus, the restoration of nNOSm and NO signaling represents an important therapeutic approach for mitigating dystrophin-deficient muscle dysfunction.
Therapeutic approaches that increase NO and its key effector cGMP provide significant benefit to the dystrophic muscles of mdx mice and BMD patients (13, 19, 20) . Indeed, the most therapeutically * To whom correspondence should be addressed at: Department of Molecular and Cellular Pharmacology (R-189), University of Miami Miller School of Medicine, PO Box 016189, Miami, FL 33101, USA. Tel: +1 3052437303; Email: j.percival@med.miami.edu efficacious gene therapy for DMD employs a microdystrophin that restores nNOSm function, thereby improving endurance exercise performance (12) . Normalization of NO levels in mdx muscles by muscle-specific expression of a nNOSa transgene reduced macrophage infiltration, muscle cell breakdown and central nucleation (21) . Similar reductions in muscle inflammation and damage were reported using NO donors alone or in combination with anti-inflammatory drugs as well as studies using drugs with dual NO donor and anti-inflammatory activities such as HCT1026 (13, 22) . HCT1026 increased the fraction of centrally nucleated muscle cells, interpreted as improved muscle regeneration and repair, and restored NO regulation of sympathetic vasoconstriction (23) .
NO can reduce muscle pathology through cGMP-dependent and S-nitrosation mechanisms (13, 24) . Targeting NO -cGMP signaling avoids the shortcomings of NO donor or releasing drugs which include off-target posttranslational modifications and NO tolerance (19, 20) . Amplifying NO -cGMP signaling with phosphodiesterase 5 (PDE5) inhibitors provides therapeutic benefit to dystrophic human and murine skeletal muscle through anti-fibrotic and vasodilatory activities (5, 9, 20, 25) . mdx mice treated with PDE5 inhibitors exhibit enhanced local blood delivery to active muscles, reduced skeletal muscle damage and faster recovery of ambulatory activity after mild exercise (5, 9, 25) . Importantly, PDE5 inhibitors reduce diaphragm muscle fibrosis and weakness (25) . The benefits of PDE5 inhibition and increased cGMP are not due to restoration of mitochondrial localization, content or ATP synthesis (26) . As observed in NO-based studies, the impact of PDE5 inhibition on central nucleation remains unclear (9, 25) . Increases in NO or cGMP can increase (improved muscle regeneration), decrease (reduced degeneration) or have no effect on central nucleation suggesting a more complex relationship between NO and muscle repair (9, 21, 22, 25) . Nonetheless, these studies strongly support NO-based therapies as an attractive and pharmacologically amenable treatment option for DMD and BMD.
To realize the therapeutic potential of NO-cGMP signalingbased therapies, it is necessary to understand the extent to which nNOS modulates dystrophic pathology and the functions of nNOS-NO in dystrophin-deficient skeletal muscle. Furthermore, critical functions of nNOS, such as the regulation of contractioninduced fatigue, remain to be elucidated in dystrophin-null muscle. To date, the benefits of increased NO have been mostly attributed to activation of the predominant nNOSm pathway in muscle (27) . However, this interpretation requires critical reevaluation due to the recent discovery of a second skeletal muscle-expressed nNOS splice variant called nNOSb that associates with the Golgi complex and possibly the sarcolemma (28, 29) . Thus activation of nNOSb pathways may provide an additional mechanism by which increases in NO ameliorate dystrophic pathology.
Indeed, in contrast to predictions from most NO therapy studies, elimination of residual nNOSm protein expression from dystrophin-deficient muscles has no impact on muscle permeability, central nucleation, inflammation or eccentric contraction-induced injury (13, (30) (31) (32) . In fact, despite the majority of studies suggesting that nNOSm does not play a role in skeletal muscle strength (specific force), at least in nondystrophic muscle, the loss of nNOSm may actually enhance mdx muscle strength (32) . While this has been attributed to a loss of nNOSm-nitrosative stress, it is also possible that a compensatory increase in nNOSb activity occurred which increased strength. Unlike nNOSm, nNOSb appears to regulate skeletal muscle strength (14, 28) . Indeed, compensatory increases in nNOSb occur in the original isoform-specific 'nNOS knockout' mouse line (33) . Thus, nNOSb may be a compensatory source of NO in dystrophin-deficient skeletal muscle. Furthermore, it is also important to note that while the impact of dystrophin deficiency on nNOSm has been extensively studied, the impact on nNOSb is unknown. Therefore, to fully understand the role of NO in dystrophin-deficient muscles, we will also need to understand the role of nNOSb in dystrophinopathy pathogenesis.
In the present study, we set out to define the role of nNOS in dystrophic pathogenesis by investigating whether loss of dystrophin negatively impacts nNOSb and by generating mdx mice lacking residual nNOSm and nNOSb activity. Use of nNOS-null mdx mice circumvented the unaddressed issue of nNOS splice variant functional overlap and allowed us to investigate the full extent by which nNOS modulates clinically relevant features of dystrophinopathy pathogenesis. Here we demonstrate that, like nNOSm, nNOSb is also mislocalized in dystrophin-deficient muscle. We also show that loss of all nNOS activity from dystrophin-null muscle inhibits compensatory muscle hypertrophy, decreases central nucleation and exacerbates focal inflammation, indicative of increased muscle damage. Loss of nNOS also exacerbated muscle weakness under both isometric and eccentric stimulation conditions, but surprisingly did not impact muscle fatigue. Together with reports from other groups, these data provide the first evidence of a role for nNOSb in modulating the severity of dystrophic pathology and suggest nNOSb as a novel drug target. Furthermore, these findings support the notion that nNOS has a greater role in pathogenesis and greater therapeutic potential in dystrophinopathies than previously recognized.
RESULTS

Loss of dystrophin inhibits nNOSb localization and association with the Golgi
To better understand the impact of dystrophin deficiency on nNOS signaling, we investigated whether nNOSb localization was disrupted in adult 8-week-old mdx gastrocnemius muscles (Fig. 1) . Because dystrophin is necessary for normal subsarcolemmal Golgi localization and density; we hypothesized that Golgi-associated nNOSb should also be mislocalized in mdx muscles (34) . In wild-type muscles, nNOSb targeted to the subsarcolemmal Golgi complex marked by cis-Golgi compartment marker GM130 as reported previously (Fig. 1A) (28, 34) . nNOSb colocalized with GM130 throughout the cytoplasm and at myonuclear poles (Fig. 1A) (34) . Loss of dystrophin disrupted the 'beads on a string' localization of both GM130 and Golgiassociated nNOSb (Fig. 1B) . Quantitative analysis revealed that dystrophin deficiency decreased subsarcolemmal GolginNOSb densities by 39% (P , 0.001); thus affirming our hypothesis (Fig. 1C) .
Reductions in nNOSb densities could be explained in part by the reduction in GM130 densities that occur in the absence of dystrophin (34) . To investigate the possibility that decreased nNOSb densities were due to reductions in Golgi densities, we investigated
Golgi-nNOSb in 2-week-old mdx muscles which have the same subsarcolemmal GM130 localization and densities as wild-type muscle (34) . Thus, a decrease in Golgi-nNOSb density in 2-week-old muscles would indicate reduced targeting of nNOSb to the cis-Golgi. As expected, nNOSb-positive Golgi membranes were concentrated in an apparently stochastic distribution in the subsarcolemmal space and at myonuclei poles in 2-week-old wildtype myofibers ( Fig. 2A) . Also, Golgi-nNOSb densities were lower in 2-week-old wild-type myofibers than in 8-week-old adult myofibers (compare Figs. 1C and 2C) reflecting developmental regulation of Golgi complex densities (34) . Similar to wild-type controls, the Golgi complex was also stochastically distributed in 2-week-old mdx muscle cells (Fig. 2B ). Note that a 2-fold increase in the number of nuclei was also observed (not shown) compared with wild-type muscle which presumably reflects increased satellite cell fusion driving compensatory mdx muscle hypertrophy. However, a 42% reduction in Golgi-targeted nNOSb was observed in 2-week-old mdx myofibers indicating that dystrophin deficiency impaired the association of nNOSb with the Golgi complex ( Fig. 2B and C) . These data also suggest that impaired association of nNOSb with the Golgi is not a secondary consequence of mdx muscle cell necrosis which begins at 3 -4 weeks of age. It is important to note that while nNOS antibodies work well in immunofluorescence applications, they are not as reliable for detecting nNOSb by western blotting in our hands. So we cannot test the possibility that the reduction in nNOSb targeting to the Golgi in mdx myofibers is caused by decreased nNOSb protein expression. Nonetheless, these data suggest that loss of dystrophin disrupts the spatial regulation of nNOSb by promoting its mislocalization and inhibiting its association with the cis-membrane network of the subsarcolemmal Golgi complex.
nNOS depletion prevents compensatory skeletal muscle hypertrophy in mdx mice Given potential roles for NO in muscle growth and repair, we then investigated if loss of nNOS impacted muscle hypertrophy and damage in mdx mice (13, 28, 35, 36) . It is important to note that unlike dystrophin-deficient dogs or humans, mdx mice undergo compensatory muscle cell hypertrophy (37,38). The pathways responsible for this beneficial murine muscle growth Figure 1 . Loss of dystrophin causes mislocalization of Golgi-targeted nNOSb. To determine the impact of dystrophin deficiency on nNOSb localization, gastrocnemius myofibers from 8-week-old wild-type and mdx mice were immunolabeled with anti-GM130 and anti-nNOS antibodies. GM130 marks the cis-Golgi compartment. Nuclei (blue) were counterstained with DAPI. The sarcolemma is marked by a dashed white line. Single optical sections obtained by confocal microscopy are shown. (A) In wild-type muscle, nNOSb exhibited stereotypic 'beads on a string' localization to the cis-Golgi compartment of the subsarcolemmal Golgi complex indicated by extensive colocalization with GM130. nNOSb is also localized to the Golgi adjacent to myonuclei. (B) In mdx muscle, loss of dystrophin caused mislocalization of both the Golgi and nNOSb. (C) Dystrophin deficiency caused a 39% reduction (P , 0.001) in subsarcolemmal Golgi-nNOSb density (the number Golgi puncta positive for both GM130 and nNOSb per 1000 mm 2 ) compared with wild-type controls. * * * P , 0.001. n ¼ 6 and 8 for wild-type and mdx groups, respectively. Scale bar: 20 microns.
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Human Molecular Genetics, 2015, Vol. 24, No. 2 are unclear, but represent potential clinical targets for reducing muscle wasting in DMD patients. Because muscle size is proportional to body mass, we first investigated body mass. As expected, mdx mice exhibited normal body size; however, the body mass of nNOS-null mdx, now referred to as double knockout or DKO mice, was reduced by 20%, consistent with previous findings that nNOS is required for normal growth (Fig. 3A) (28, 39) . Glycolytic tibialis anterior (TA) muscles from mdx mice showed an expected 50% increase in mass that was inhibited by nNOS deficiency in DKO mice (Fig. 3B) . Indeed, DKO TA masses were similar to wild-type controls. Oxidative soleus muscles were similarly affected in mdx and DKO mice (Fig. 3C) . Thus nNOS is necessary for the compensatory hypertrophy of both glycolytic and oxidative muscles in mdx mice. Importantly, given previous reports that loss of nNOSm has no impact on mdx muscle hypertrophy, our data suggest a role for nNOSb in the compensatory muscle growth in mdx mice (30) (31) (32) . To test if decreases in DKO muscle mass were the result of decreased body mass, TA and soleus muscle wet weights were normalized to body mass. Normalized mdx TA muscle masses were 53% greater than wildtype controls (Fig. 3D) . Depletion of nNOS from mdx muscles substantially attenuated the increase in normalized TA muscle mass from 53 to 12% relative to wild-type controls. Loss of nNOS also prevented the increase in normalized soleus mass in DKO mice (Fig. 3E) . Thus, reductions in muscle mass in DKO mice are likely due to both decreases in body mass and other mechanisms that remain to be defined.
To ascertain whether muscle mass reductions resulted from impaired muscle cell growth, the Feret diameters of individual myofibers were determined. In accordance with expected hypertrophy, mean mdx muscle cell Feret diameters were significantly larger than wild-type controls, whereas nNOS depletion decreased mean Feret diameter in DKO mice (mean Feret diameters: WT, 71 + 2 mm; mdx, 93 + 5 mm; DKO; 55 + 5 mm) (Fig. 3F ). Increased mdx myofiber size relative to wild-type was also indicated by an increased median Feret diameter and upward box shift in box and whisker plots reflecting a greater Figure 2 . Reductions in Golgi-nNOSb density in prenecrotic 2-week-old mdx muscle. To determine if nNOSb association with the Golgi was decreased in mdx muscles, nNOSb densities were determined in 2-week-old gastrocnemius myofibers from wild-type and mdx mice. Gastrocnemius myofibers were immunolabeled with anti-GM130 and anti-nNOS antibodies and nuclei counterstained with DAPI. Differences in myofiber geometry at 2 weeks necessitated the use of maximum projection images of myofibers which were obtained by confocal and two photon microscopy. The sarcolemma is marked by a dashed white line. (A) In 2-week-old wild-type muscle, the Golgi complex is non-uniformly distributed compared with adult muscle (left panel). But nNOSb still colocalizes extensively with GM130 as in 8-week-old muscle. Yellow puncta in the overlay inset image highlight the high degree of association of nNOSb with subsarcolemmal Golgi stacks, while green puncta represent intermyofibrillar Golgi stacks found deeper inside the muscle that lack nNOSb. (B) In 2-week-old prenecrotic mdx muscle, loss of dystrophin has no impact on Golgi complex distribution relative to wild-type controls (left panel). However, prenecrotic muscles exhibit a marked reduction in Golgi-targeted nNOSb (middle panel) highlighted in the overlay (right panel). (C) Dystrophin deficiency significantly reduced subsarcolemmal Golgi-nNOSb density by 42% compared with wild-type controls.
* * * P , 0.001. n ¼ 5 for wild-type and mdx groups. Inset image is 2.25× magnification. Scale bar: 20 microns.
number of larger fibers (Fig. 3G ). In contrast, there was a reduction in median Feret diameter and downward box shift in DKO muscles relative to wild-type and mdx controls reflecting a population of muscle fibers with smaller fiber diameter (median Feret diameters: WT, 72 mm; mdx, 89 mm, DKO, 53 mm). Given that nNOSm has been previously shown to be dispensable for compensatory growth, these findings suggest that nNOSb is necessary for the compensatory hypertrophy of mdx muscle cells.
Loss of nNOS reduces central nucleation and promotes macrophage infiltration without impacting hyperCKemia in mdx mice
Increased numbers of central nucleated myofibers is a wellestablished pathological biomarker of dystrophin-deficient muscle, marking myofibers that have undergone a degeneration and regeneration event. NO therapies have discordant effects on central nucleation and the loss of nNOSm has no impact on central nucleation in mdx mice (9, 21, 22, 25, (30) (31) (32) . To determine the impact of the absence of all nNOS activity on central nucleation, we determined the fraction of myofibers with centrally localized nuclei in whole-muscle sections from wild-type, mdx and DKO mice (Fig. 4) . As expected, wild-type TA muscles have few centrally nucleated myofibers (2.5%) compared with mdx mice (63.5%) ( Fig. 4A and B ). Interestingly, a 32% reduction in centrally nucleated muscle cells occurred in DKO mice ( Fig. 4A and C). The reduction in central nucleation could indicate a beneficial reduction in muscle degeneration or damage or a deleterious reduction in muscle cell regeneration.
To explore these possibilities, we evaluated serum creatine kinase activities. As expected, mdx mice exhibit significant hyperCKemia; however, the loss of nNOS did not impact Normalization of TA and soleus mass to body mass revealed that reductions in muscle mass resulting from the loss of nNOS were not solely due to decreased body mass. (F) Mean myofiber Feret diameter from wild-type, mdx and DKO TA muscles. As expected, the mean mdx myofiber Feret diameter was larger than wild-type controls reflecting bigger muscle cells; however this increase was prevented in DKO muscles. (G) The range of Feret diameters represented in box and whisker plots in wild-type, mdx and DKO groups. Boxes (25th-75th percentile) contain median (horizontal bar) values. The whiskers represent minimum and maximum Feret diameters and the medians of each group are compared. The median and range of myofiber Feret diameters were increased in dystrophin-null TA muscles indicating compensatory hypertrophy in mdx mice. Decreases Feret diameter spread as well as median Feret diameter showed that the hypertrophic growth of mdx muscle was prevented by nNOSm and nNOSb depletion. * P , 0.05, * * * P , 0.001. (A-E) n ¼ 19-24 for each group. F, n ¼ 4 per group.
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Human Molecular Genetics, 2015, Vol. 24, No. 2 elevated serum creatine kinase activities in DKO mice (Fig. 4C ). These data indicate sustained high levels of muscle damage in DKO mice consistent with the possibility that decreased central nucleation results from reduced regeneration, not a reduction in degeneration.
Additional evidence that loss of nNOS prevented muscle regeneration came from observations of increased focal inflammation in DKO muscle (Fig. 5) . As expected, wild-type TA muscles showed no overt inflammation (Fig. 5A, D and G) . In contrast, significant accumulation of inflammatory cells occurred in mdx TA muscles ( Fig. 5B and E) . Remarkably, focal inflammatory cell infiltration was substantially exacerbated in DKO muscle, with high densities of inflammatory cells covering areas of muscle that were on average 11-fold greater in DKO than in mdx muscle ( Fig. 5C and G) . We then sought to confirm that the infiltrating cells were indeed immune cells. Given that nNOSa opposes macrophage infiltration in mdx muscles, we tested the hypothesis that the suspected infiltrating immune cells in DKO muscles were in fact macrophages (21) (Fig. 5H ). Macrophages were identified by anti-CD68 antibody immunolabeling. While few macrophages could be identified in wild-type muscle, large numbers of CD68-positive macrophages were observed in mdx muscle as expected (Fig. 5H , top and middle rows, respectively). Furthermore, very high densities of CD68-positive macrophages accumulated at the same sites where large numbers of infiltrating cells could be observed by hematoxylin and eosin labeling (Fig. 5H, bottom row) . This suggested that the majority of infiltrating immune cells in DKO muscles were indeed macrophages. Furthermore, given that loss of nNOSm was reported previously to have no impact on inflammatory cell infiltration, these data suggest that nNOSb can modulate the magnitude of the inflammatory response in dystrophin-null muscle (30) (31) (32) .
Elimination of nNOSb and nNOSm exacerbates muscle weakness in mdx mice
To determine whether exacerbated muscle damage in DKO mice was accompanied by exaggerated muscle weakness, we examined tetanic force output of DKO muscles under both isometric and eccentric conditions. TA muscles from wild-type, mdx and DKO mice exhibited similar normalized tetanic force generating capacity between stimulation frequencies of 10-200 Hz (Fig. 6A) . Wild-type and mdx muscles also exhibited comparable maximal isometric tetanic force output capacity (Fig. 6B) . However, consistent with reduced myofiber size, DKO muscles had markedly reduced maximal tetanic force output. Importantly, deficits in maximal force output were not entirely due to reductions in muscle size, because mean specific force (maximal tetanic force output normalized to muscle crosssectional area) was also significantly decreased in DKO TA muscle (148 + 6 kN/m (Fig. 6C) . mdx muscles showed stereotypical reductions in specific force, marking intrinsic muscle weakness compared with wild-type controls ( Fig. 6C ). These data suggest that nNOS depletion exacerbates skeletal muscle weakness in mdx mice.
To further understand the impact of nNOS deficiency on contractility, we investigated the regulation of muscle fatigue by nNOS in mdx mice which remains unknown. Contractioninduced muscle fatigue is not to be confused with previously reported 'exaggerated fatigue' or 'postexercise inactivity' in mdx mice which is poor recovery of cage ambulatory activity To provide evidence that these infiltrating cells were macrophages, muscle sections were labeled with anti-CD68 antibody and nuclei counterstained with DAPI. Very few CD68-positive cells could be observed in wild-type muscle (H, top row). However, large numbers of CD68-positive macrophages were observed in mdx muscles as expected (H, middle row). nNOS depletion from mdx muscles increased numbers of CD68-positive macrophages in DKO muscles indicating greater focal inflammation (H, bottom row). These data suggest an important anti-inflammatory role for nNOS splice variants in dystrophin-deficient skeletal muscle.
* * * P , 0.001 from one-way ANOVA analysis and Bonferrroni multiple comparison tests. For wild-type, mdx and DKO groups, n ≥ 4. Scale bar in H, 50 mm.
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Human 5) . Therefore, we evaluated TA muscle fatigue resistance in wild-type, mdx and DKO mice in situ. Loss of dystrophin significantly reduced contractioninduced fatigue resistance and inhibited force recovery ( 14% force deficit) at 1 min compared with controls (Fig. 7) . However, force output was similar to controls after a 5 min rest period indicating a full recovery from fatigue. Unexpectedly, DKO muscle fatigue was similar to mdx controls. This was surprising since we reported that loss of nNOS activity causes severe contraction-induced fatigue and inhibits force recovery in non-dystrophic mice (28) . Like mdx muscles, DKO muscles also showed poor force recovery at 1 min compared with wildtype controls. Thus, both mdx and DKO muscles are slower to recover muscle strength after exercise marking exaggerated muscle fatigue. Postexercise inactivity in mdx mice has been attributed to loss of nNOSm-modulated blood flow regulation (5). However, our data suggest that exaggerated muscle fatigue also may contribute to postexercise inactivity (Fig. 7) . Furthermore, and contrary to expectations, these intriguing findings suggest the existence of compensatory mechanisms that preserve muscle fatigue resistance in mdx mice in the absence of nNOS. Next, we investigated muscle force output under eccentric (lengthening) conditions. Dystrophin-deficient muscles exhibit a hallmark susceptibility to eccentric contraction-induced injury which plays an important role in pathogenesis (40) (41) (42) . To determine whether nNOS-NO could modulate contraction-induced damage, TA muscles from wild-type, mdx and DKO mice were subjected to a series of eccentric contractions at increasing lengths or percent stretch (Fig. 8) . mdx muscles exhibited force deficits at 25% stretch that became progressively larger at longer lengths relative to wild-type (Fig. 8) . DKO muscles showed greater force deficits at shorter and more physiologically relevant stretches compared with mdx and wild-type controls (Fig. 8) . Thus, consistent with our findings of increased muscle damage in DKO mice, nNOS may modulate the severity of eccentric contraction-induced damage in dystrophin-null muscle. Since others have shown that loss of nNOSm has no impact on force output during eccentric contractions, these findings suggest nNOSb may modulate eccentric contraction-induced muscle damage in mdx mice (32) . Overall, these data provide compelling evidence that nNOS pathways modulate both isometric and eccentric force production in dystrophin-deficient skeletal muscle.
DISCUSSION
The overarching finding of this study is that nNOS has a more multifaceted role in modulating the clinically relevant features of dystrophic muscle pathogenesis than previously recognized. This broader role is likely attributable in large part to nNOSb which appears to play key roles in compensatory hypertrophy, inflammation and eccentric contraction-induced muscle damage in dystrophin-deficient muscle. These findings suggest that nNOSb should be considered when accounting for the benefits of NO in mdx mice. In addition, they suggest nNOSb be investigated as a therapeutic target for mitigating muscle damage and weakness in dystrophinopathies.
In addition, dystrophin-deficiency disrupted subsarcolemmal Golgi-nNOSb localization and prevented normal association of nNOSb with the cis-Golgi compartment. Thus, loss of dystrophin disrupted the spatial control of nNOSb signaling. It is likely that destabilization of the subsarcolemmal microtubule cytoskeleton that scaffolds Golgi membranes is a causal factor in the mislocalization of Golgi-nNOSb in mdx muscle (34) . Since it is firmly established that loss of dystrophin also causes nNOSm mislocalization, dystrophin deficiency thus appears to globally disrupt the spatial control of NO signaling by preventing correct localization of both nNOSm and nNOSb (3, 7, 8) . The tight control of NO synthesis sites is a critical regulatory mechanism for facilitating specific and efficient NO signal propagation (43, 44) . Disruption of nNOSb signaling in this way could exacerbate dystrophic disease severity, just as nNOSm mislocalization prevents it from promoting blood delivery to active muscle (16) . Consistent with this possibility, microdystrophin expression in mdx muscle reduces dystrophic pathology and rescues defective Golgi localization (34) . Thus, it is likely that microdystrophin also rescued Golgi-nNOSb localization and improved spatial control of subsarcolemmal NO signaling. Figure 6 . nNOSb and nNOSm depletion exacerbates mdx muscle weakness. The impact of nNOS depletion on the isometric tetanic contractile properties of mdx tibialis anterior (TA) muscles was determined in situ. (A) wild-type, mdx and nNOS-deficient mdx muscles exhibited similar normalized tetanic force outputs across a wide range of stimulation frequencies. (B) Maximal tetanic force generation capacity in mdx TA muscles was comparable to wild-type. In contrast, DKO muscles displayed a 45 and 48% reduction in maximal tetanic force generating capacity compared with mdx and wild-type controls, respectively. (C) As expected, mdx TA muscles exhibited a significant 25% decrease in specific force (maximal tetanic force normalized to cross-sectional area) compared with wild-type controls. mdx muscle-specific force deficits were further exacerbated by the loss of nNOS. Thus, force deficits in DKO muscle reflect intrinsic muscle weakness and are not due to decreased muscle mass.
* * P , 0.01, * * * P , 0.001. For wild-type, mdx and DKO groups: n ¼ 15, 15 and 10 in A; n ¼ 12, 13 and 10 in B; n ¼ 12, 15 and 11 in C, respectively.
While the impact of disrupted nNOSb signaling on dystrophic pathology remains to be directly determined, our data suggest that nNOSb may be necessary for compensatory muscle hypertrophy in mdx mice. This finding is consistent with reports suggesting a role for NO and nNOS in muscle hypertrophy in wild-type mice (28, 35, 36, 45) . mdx muscles undergo a well-established compensatory hypertrophy, so that total tetanic force output is comparable between young adult wild-type and mdx muscle (37). This compensatory muscle growth does not occur in human or canine dystrophin-null muscle; therefore the murine pathways responsible represent potential therapeutic targets for attenuating muscle wasting in DMD patients (37, 38) . Three independent studies have reported that nNOSm null mdx muscles show no change in muscle cell growth (30) (31) (32) . These reports, together with our current findings, suggest that nNOSb is necessary for the compensatory growth of mdx muscle. These data support further investigation of nNOSb as a target for decreasing dystrophin-deficient muscle wasting.
Our data also suggest nNOSb modulates inflammation in dystrophic muscle. DKO muscles showed a remarkable increase in focal macrophage cell infiltration supporting the possibility that nNOS pathways oppose muscle inflammation in mdx mice (21) . A prominent cellular immune response, that includes infiltration of macrophages and other immune cell classes, is an important pathogenic feature of dystrophin-deficient skeletal muscle, even at asymptomatic stages of disease progression (21, (46) (47) (48) . Consistent with our findings, skeletal muscle-specific expression of the nNOSa splice variant markedly decreased inflammatory cell infiltration and concomitant muscle cell breakdown (21) . Amplification of NO-cGMP signaling also suppresses TNFa expression providing additional support for an anti-inflammatory role for nNOS in dystrophic muscle (25) .
Increased inflammation was accompanied by decreases in central nucleation and high levels of serum creatine kinase activity. Collectively, these data argue that the loss of nNOS exacerbated muscle damage in agreement with previous reports suggesting that NO can both reduce muscle cell degeneration and enhance regeneration (13, 21, 22) . In addition to a possible antiinflammatory role, these data also suggest nNOSb may modulate muscle integrity, because loss of residual nNOSm expression has no overt impact on inflammation, central nucleation or muscle damage in mdx mice (30 -32) . These findings provide a new conceptual framework for understanding the emerging roles of NO in the modulation of dystrophic muscle damage and repair (13) .
The loss of muscle integrity in DKO mice coincided with several intriguing and unexpected effects on muscle contractile performance. First, DKO muscles displayed significant reductions in maximum isometric tetanic which were due to the significant reduction in muscle mass and myofiber size. However, specific force was also decreased in DKO muscles relative to mdx controls indicating that intrinsic muscle weakness was not due to muscle atrophy. In contrast, treatment of mdx mice with 7-NI, a selective nNOS inhibitor, was reported to enhance specific force in dystrophin-null muscles, as was the genetic depletion of nNOSm (32) . The reasons for this discrepancy are unclear and remain to be determined in future studies. However, possible reasons may include strain and genetic differences between mdx mouse models and that 7-NI is not an effective inhibitor of nNOSb activity in vivo. . mdx muscles are protected from exaggerated muscle fatigue caused by nNOS deficiency. The fatigue resistance of tibialis anterior muscles in wild-type, mdx, and DKO mice was determined in situ. After 160 s of repetitive stimulation, mdx muscles exhibited mild but significant force deficits compared with wildtype controls, indicating reduced fatigue resistance. Surprisingly, DKO muscles exhibited similar force deficits to mdx muscle. At 1 min into the recovery phase, both mdx and DKO TA muscles exhibited significant postexercise weakness (14 and 17% respectively) compared with wild-type TA controls. However, full force recovery was observed after 5 min of rest confirming that force defects were reversible and not due to contraction-induced damage.
# P , 0.05 wild-type versus mdx.
* P , 0.05 wild-type versus DKO. n ¼ 10, 6 and 7, for wild-type, mdx and DKO groups, respectively. Figure 8 . Loss of nNOS from dystrophin-null muscle exacerbates eccentric contraction-induced muscle damage. To determine whether nNOS elimination from mdx muscle impacted eccentric contraction-induced muscle damage, TA muscles from wild-type, mdx and DKO mice were subjected to a series of lengthening contractions of progressively increasing lengths (stretch) in situ. At stretches beyond 25%, mdx muscle exhibited reduced force output compared with wild-type controls. Force deficits were exacerbated in DKO muscles at strains beyond 20%. This suggested DKO mice had an increased susceptibility to eccentric contraction-induced damage.
* P , 0.05 wild-type versus mdx.
# P , 0.05 wild-type versus DKO. ‡ P , 0.05 mdx versus DKO. n ¼ 7, 8 and 7, for wild-type, mdx and DKO groups, respectively.
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Further unappreciated complexity of nNOS function in mdx muscle was revealed by the observation that nNOS depletion did not affect the exaggerated muscle fatigue of mdx mice. While 'fatigue' or exercise intolerance is well-established characteristics of mdx mice and Duchenne patients, the mechanisms responsible remain unclear. However, loss of sarcolemmal nNOSm regulation of blood delivery to active muscles is thought to play an important role although loss of sarcolemmal nNOSm-mediated blood flow has no impact on muscle strength or fatigue resistance (5, 28) . Our data suggest an additional mechanism where exaggerated muscle fatigue and slow force recovery in limb muscles after repetitive use also contributes to exercise intolerance and postexercise inactivity in mdx mice (5, 49, 50) . These findings argue that the loss of sarcolemmal nNOSm control of blood flow is not the sole factor contributing to postexercise inactivity in mdx mice.
Our data also suggest that muscle fatigue, is a pathogenic feature of dystrophin-deficient muscle, although previous reports are conflicting. The mdx mouse diaphragm, which best recapitulates the severity of human pathology, exhibits significant contraction-induced muscle fatigue; however, excised EDL and soleus muscles that lack normal blood supply show normal fatigue resistance (25, 51, 52) . It is widely accepted that the most physiologically informative way to study fatigue is in a blood-perfused system in situ or in vivo (53) . Discrepancies between blood delivery and oxygen concentrations in vitro and our in situ/in vivo studies of fatigue in hindlimb muscles from mdx mice may be one reason why hindlimb muscles show normal fatigue resistance in vitro.
Our finding that loss of all nNOS activity in mdx muscle had no impact on fatigue resistance was in sharp contrast to previous findings (14) . Muscles lacking nNOSm alone or both nNOSm and nNOSb exhibit poor muscle fatigue resistance (28, 45) . Therefore, we anticipated a decrease in muscle fatigue resistance in DKO mice. However, the role of nNOS in muscle fatigue appears to differ between dystrophic and normal muscle environments. Our data indicate the existence of a latent compensatory change in dystrophin-deficient muscle that preserves fatigue resistance in the absence of nNOS. Understanding how muscle fatigue resistance can be preserved in the absence of nNOS has important implications for therapies to fight exercise intolerance in dystrophinopathies.
The surprising effects of nNOS deficiency on mdx muscle contractility were not confined to fatigue. nNOSm and nNOSb depletion from dystrophin-null muscle also exacerbated muscle damage and force loss during eccentric contractions. The susceptibility of dystrophin-deficient muscle to eccentric contraction-induced damage is a well-established feature of mdx pathology (40 -42) . In non-dystrophic skeletal muscles, loss of nNOSm alone or both nNOSm and nNOSb has no impact on force output during eccentric contractions suggesting that nNOS does not normally regulate lengthening contraction force output (28, 45) . Similarly, loss of nNOSm from dystrophindeficient muscle also has no impact on force production during eccentric contractions (32) . Taken together these findings suggest that loss of nNOSb promotes contraction-induced muscle damage in DKO mice and that nNOSb activity modulates the ability of dystrophin-deficient muscle to generate force during lengthening contractions.
At this stage, we may only speculate about how the loss of nNOSb exacerbates eccentric contraction-induced muscle damage. It may do so by exacerbating subsarcolemmal microtubule instability; thereby promoting a loss of mdx muscle structural integrity (34) . Loss of nNOSm and nNOSb, but not nNOSm alone, disrupts subsarcolemmal microtubules (28) . These data are consistent with an in vivo role for NO-mediated S-nitrosation of tubulin which is thought to regulate tubulin polymerization and microtubule stability (54, 55) . Thus, microtubule lattice defects may be compounded by the loss of both dystrophin and nNOS which together drive microtubule instability which may in turn exacerbate contraction-induced damage (34, 56) .
DKO muscles also may exhibit enhanced microtubuledependent activation of NADPH oxidase to synthesize superoxide, which promotes pathogenic Ca 2+ influx through TRPC channels during eccentric contractions (57) (58) (59) (60) (61) . NO-mediated cysteine nitrosation inhibits superoxide generation by NADPH oxidase (57) . Thus, loss of subsarcolemmal nNOSb activity in mdx mice may promote eccentric contraction-induced damage by exacerbating microtubule instability and deregulating NADPH oxidase superoxide synthesis. Importantly, these possible deleterious effects occurring on the sarcolemmal space are in excellent agreement with the importance of the tight spatial control of NO synthesis. Thus, exaggerated contraction-induced injury and concomitant weakness in DKO muscle may result from both signaling and structural defects.
In conclusion, this study provides several new insights into NO signaling in dystrophin-deficient skeletal muscle. First, the loss of dystrophin appears to globally disrupt the spatial control of nNOS splice variant signaling in mdx muscle. Second, NO has a more multifaceted role in modulating dystrophic muscle damage and force-generating capacity than previously recognized. These findings provide a new framework for understanding nNOS signaling in dystrophic muscle and strengthen the case for targeting NO pathways clinically. Indeed, our data suggest that the potential of NO-based therapies to ameliorate dystrophindeficient muscle pathology is yet to be fully realized. This expansion of the role of NO is primarily attributable to the activity of the novel nNOSb signaling pathway in skeletal muscle. Thus, this study identifies nNOSb as a potential new drug target for NO-based therapy of DMD.
MATERIALS AND METHODS
Generation of nNOS-deficient mdx mice
All experimental procedures performed on mice were approved by the Institutional Animal Care and Use Committees of the Universities of Washington and Miami. nNOS-deficient mdx double knockout mice were made by breeding dystrophin-null (DMD 2/2 ) mdx mice with heterozygous nNOS (NOS1 2/2 ) knockout mice to generate double knockout (DKO) mice. mdx mice are the well-characterized C57BL/10ScSn-Dmd mdx /J line (62) . nNOS (NOS1 2/2 ) knockout mice are in a C57Bl6/J background and were generated by targeted deletion of exon 6 of the NOS1 gene that inhibits expression of active nNOSm and nNOSb in skeletal muscle (28, 39) . Mice lacking a functional copy of the NOS1 gene are infertile, precluding direct breeding of homozygous null animals (39 (25, 28) .
Immunofluorescence labeling and confocal microscopy of myofibers
The method used to immunolabel the Golgi complex in single myofibers has been described (34) . Briefly, gastrocnemius muscles from immature 2 and adult 8-week-old wild-type and mdx mice were freshly dissected, pinned out on sylgaard-coated dishes and fixed in 2% paraformaldehyde for 1 h. Muscles were rinsed 3 times with phosphate-buffered saline (PBS) then incubated in a PBS-based blocking buffer (50 mM glycine, 0.25% bovine serum albumin, 0.02% sodium azide, 0.04% saponin).
Single and small groups of fibers were physically separated using fine forceps. Pre-blocked myofibers were incubated with primary antibodies diluted in blocking buffer overnight at 48C. FITC-conjugated GM130 primary antibodies (Transduction Laboratories) were used to label the cis-Golgi compartment. Pan-specific nNOS amino (Invitrogen) and a carboxyl (SigmaAldrich) terminal rabbit polyclonal antibodies were used to label Golgi-targeted nNOSb. Myofiber preparations were subsequently washed three times in blocking buffer. Myofibers labeled with nNOS antibodies were incubated with Rhodamine Red-Xconjugated donkey anti-rabbit secondary antibody (Jackson Immunoresearch Laboratories) for 1 h at room temperature, followed by three washes in blocking buffer. Labeled myofibers were mounted in ProLong w Gold antifade mounting medium containing DAPI (Invitrogen) to counterstain nuclei. Confocal microscopy was performed using a Leica TCS SP microscope equipped with a two photon UV laser used to excite DAPI (W. M. Keck Center for Advanced Studies in Neural Signaling, University of Washington).
Image analysis of Golgi-nNOSb localization
To determine the impact of dystrophin deficiency on the localization of Golgi-nNOSb, we measured subsarcolemmal Golgi-nNOSb densities (the number of puncta positive for both nNOSb and GM130 per 1000 mm 2 ) as previously described (34) . Briefly, the subsarcolemmal space of myofibers which contained the vast majority of nNOSb and GM130-positive Golgi puncta was imaged in a single 0.427 mm deep (100 × NA 1.4 objective) optical section captured with a Leica SP2 confocal microscope. At least 24 individual myofibers per group were optically sectioned and quantitated. To calculate densities, nNOSb and GM130-positive puncta were counted manually, normalized to myofiber cross-sectional area (mm 2 ), then multiplied by 1000. Cross-sectional area was determined by manually outlining myofiber perimeter, thereby creating a region of interest whose area was calculated using spatially calibrated Image J 1.46r software (63) .
Histological analyses of myofiber size, central nucleation and inflammation
To determine the impact of nNOS deficiency on mdx muscle size, freshly dissected tibialis anterior and soleus muscles isolated from adult 8-week-old mice were weighed and normalized to body mass. Note that muscles used for histological analyses were not used for functional tests. Feret diameters were determined in sections of tibialis anterior muscles dissected from adult mice and flash -frozen in liquid-nitrogen-cooled isopentane. Frozen 10 mm thick sections from the muscle midbelly were prepared with a Leica CM1860 cryostat then stained with hematoxylin and eosin using our published methods (25, 28) . Images of entire muscle cross sections were stitched together from individual image files captured sequentially at 10 × magnification with a DP80 digital camera (Olympus) and an automated tiling system (Olympus BX50 upright microscope fitted with a Prior Scientific motorized x-y stage). The Feret diameters of between 500 and 750 myofibers were determined from at least 4 mice per group using Image J 1.46r software (63). Feret's diameter is the longest distance between any two points along the myofiber selection boundary and is a reliable measure of muscle cell size since it is less susceptible to sectioning angle (64) . The fraction of muscle cells with centrally localized nuclei, was performed as previously described (25) . Inflammatory cell infiltrates were detected histologically in frozen cryosections by hematoxylin/eosin staining. The areas of muscle (mm 2 ) covered by infiltrating inflammatory cells were measured manually using spatially calibrated Image J 1.46r software and were used as an index of inflammation. Areas were measured from 3-4 tiled images of whole tibialis anterior cross sections from the muscle midbelly from at least four mice. The lysosomal protein CD68 is highly enriched in macrophages that represent the predominant inflammatory cell type in mdx muscle tissue; therefore a rat anti-mouse CD68 (clone FA-11) antibody (AbD Serotec) was used as a macrophage marker (65) . Macrophage labeling was performed on tibialis anterior cryosections fixed with 1% paraformaldehyde for 30 min and permeabilized with 0.1% Triton X-100 for 5 min. Sections were blocked in 3% bovine serum albumin in PBS for 20 min then incubated with rat anti-mouse CD68 for 3 h at 48C. After washing in PBS, sections were incubated with Rhodamine Red TM -X-conjugated donkey anti-rat secondary antibodies for 1 h at room temperature. 5 mM DAPI in PBS was then incubated on sections for 10 min then rinsed off with PBS. Slides were mounted in ProLong w Gold antifade medium (Invitrogen) and imaged on a Olympus BX50 upright fluorescence microscope.
HyperCKemia measurements
HyperCKemia was evaluated using serum creatine kinase activity assays. Blood was collected from 8-week-wild-type, mdx and DKO old mice and serum creatine kinase activities were measured according to the manufacturer's instructions (Stanbio Laboratory).
In situ analysis of skeletal muscle contractile function
Tests of muscle contractile performance were performed on the tibialis anterior (TA) muscle in anesthetized 8-week-old adult mice as described (45) . Mice were anesthetized with intraperitoneal injections of 2,2,2, tribromoethanol (Sigma-Aldrich). Mice were positioned on a 378C heated platform and the distal tendon of the TA muscle was attached to the lever arm of a servomotor (Model 305B-LR, Aurora Scientific). The exposed muscle surface was kept moist by application of prewarmed isotonic saline. TA muscle contractions were driven by electrical stimulation of the peroneal nerve. The muscle was adjusted to an To test the capacity of muscle to resist contraction-induced fatigue, TA muscles were subjected to 4 min of repeated maximal tetanic contractions. Muscles were stimulated (40 V, 200 Hz, 300 ms) every 2 s intervals for 4 min and maximum isometric tetanic force production was recorded. To ensure force loss was reversible and not due to muscle damage, recovery from fatigue was assessed by recording force output (P o ) at 1 min and 5 min after the completion of the fatigue period. The ability of TA muscles to maintain force output during eccentric contraction was assessed by subjecting them to consecutive maximal tetanic eccentric contractions of progressively increased strain applied at the rate of two fiber lengths/s. Strain is the percentage increase in length beyond the optimal muscle length L o . Muscles were maximally tetanically stimulated (4 V, 200 Hz) for 150 ms at fixed length to achieve maximal isometric tension, immediately followed by a 200 ms stimulation during the application of a 0 -45% length increase beyond L o . Lengthening contractions were conducted at 1 min intervals to eliminate the confounding impact of fatigue on force-generating capacity. The maximum tetanic force generated prior to the initiation of the subsequent lengthening contraction was recorded and normalized to the force of the first contraction.
Statistical analyses
All values are reported as mean + standard error of the mean, except for the box and whisker plots in Figure 3G which report median, 25 and 75 percentile (box) values, minimum and maximum values. Significant differences between medians were discerned by Mann-Whitney tests. Statistically significant differences between means of wild-type, mdx and DKO groups were determined by one-way ANOVA, followed by the Tukey multiple comparison post hoc tests between paired groups. Two-way ANOVAs were used for analysis of force output during fatigue and lengthening contraction protocols using time and genotype as variables and followed by Tukey multiple comparison post hoc tests between paired groups. Statistical calculations were performed using Prism version 4 software (Graphpad Software Inc.) P values of ,0.05 were considered significant.
